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Summary
Objective: To assess matrix changes and chondrocyte viability during static and continuous repetitive mechanical loading in mature bovine
articular cartilage explants.
Methods: Cartilage explants were continuously loaded either statically or cyclically (0.5 Hz) for 1–72 h (max. stress 1 megapascal). Cell
death was assessed using fluorescent probes and detection of DNA strand breakage characteristic of apoptosis. Cell morphology and matrix
integrity were evaluated using histology and transmission electron microscopy.
Results: Repetitive loading of articular cartilage at physiological levels of stress (1 megapascal) was found to be harmful to only the
chondrocytes in the superficial tangential zone (STZ) and depended on the characteristics (static vs cyclic) and duration (1–72 h) of the
applied load. The chondrocytes in the middle and deep zone remained viable at all times. Static loads caused cell death at an early time (3 h)
as compared with cyclic loads (sinusoidal, 0.5 cycles per s for 6 h). The amount and extent of cell death peaked at 6 h of cyclic loading, and
did not change in subsequent experiments run for longer periods of time (up to 72 h). There was no indication of fragmented nuclear DNA
but there was evidence of injurious cell death (necrosis) by electron microscopy. Morphological analysis of cartilage repetitively loaded for
24 h showed matrix damage only in the uppermost superficial layer at the articular surface, reminiscent of the early stages of osteoarthritis.
Conclusions: Cell death in mature cartilage explants occurred after 6 hours of continuous repetitive load or 3 h of static load. Cell death was
directly related to the mechanical load, as control (free-swelling) explants remained viable at all times. The excessive, repetitive loading
conditions imposed are not physiological, and demonstrate the deleterious effects of mechanical overload resulting in morphological and
cellular damage similar to that seen in degenerative joint disease. © 2002 OsteoArthritis Research Society International
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Numerous in vitro studies have been performed using
either viable cartilage explants or chondrocytes embedded
in a gel matrix to study how chondrocytes respond to
alterations in their mechanical environment1–16. These
studies have shown that mechanical load can affect the
biosynthesis, turnover, and structure of the macromol-
ecules produced by the chondrocytes. However, in most of
these investigations only the bulk metabolic response (ana-
bolic and catabolic) to various loading patterns was studied
by measuring the uptake (and loss) of radiolabeled matrix
precursors such as 35S-sulfate or 3H-proline. In order to
assess regional variations in the metabolic activity of the
chondrocytes in the different layers of the cartilaginous
matrix, autoradiography of labeled histology sections can
be performed15,17,18. These studies showed that the
chondrocytes respond to continuous mechanical loading
(either static or cyclic) by depressing matrix synthesis15,18,71whereas intermittent loading patterns (i.e. loading charac-
terized by on and off cycles) produced the opposite
effect17. In particular, Wong18 found an inverse relationship
between metabolic activity and tissue strain.
Few investigators, however, have specifically focused on
cell death, and most often only after traumatizing a carti-
lage explant with a single high-energy impact load19–22.
From histologic preparations, Burton-Wurster et al.1
reported evidence of cell death at the articular surface in
cartilage explants statically loaded, even though no rel-
evant increase in lactate dehydrogenase activity was found
(LDH, a marker of cell damage). Later, Steinmeyer et al.14
reported some cell death in the most superficial layer of
cartilage explants subjected to intermittent loading (cycle
of 10 s on and 10, 100 or 1000 s off) for 6 days.
Recently, a new theory for the onset and development of
osteoarthritis (OA) has suggested that chondrocyte apop-
tosis (programmed cell death) might be involved23,24. In
these studies, the chondrocytes in the superficial tangential
zone (STZ) and in the middle zone (MZ) from human OA
cartilage showed the characteristics of apoptotic cell death
such as nuclear chromatin condensation. Apoptosis of the
chondrocytes within the STZ also was found in an animal
model of OA after section of the anterior cruciate ligament
in the knee joint25. In earlier studies, Bendele et al.26,27
observed increased focal matrix damage as well as
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TISSUE HARVESTING AND CULTURE
Cartilage was removed from the occipital joint of 18–24-
month-old cows using a sharp razor blade and washed
three times in phosphate buffered saline (PBS) containing
10% of an antibiotics/antimycotic solution (100 U/ml peni-
cillin G sodium, 100 g/ml streptomycin sulfate, and 25 g/
ml amphotericin B in 0.85% saline). Full-thickness cartilage
explants (7 mm in diameter) were harvested in pairs using
a sterile biopsy punch and immediately incubated in culture
media (M199) supplemented with 10% fetal bovine serum,
1% of antibiotics/antimycotic solution, and 50 g/ml ascor-
bic acid. Each explant pair was placed in a single well of a
24-well plate and allowed to equilibrate for 24 h. Unless
otherwise stated, all chemicals were purchased from
Sigma Chemicals (St Louis, MO, U.S.A.) or Gibco BRL
(Grand Island, NY, U.S.A.).CARTILAGE EXPLANT LOADING PROTOCOL
From every explant pair, one explant was assigned to the
loaded group, whereas the remaining one served as the
matched control. The cartilage explants were statically or
cyclically [sinusoidal waveform, frequency 0.5 Hz, Fig.
1(A)] loaded using a previously described mechanical
explant test system (METS), which was placed within an
incubator (37°C, 5% CO2)15. The METS consisted of
twenty air cylinders, which applied a uniaxial compressive
load to the explants through a 7 mm diameter, plane-
ended, 35 m porous load platen [Fig. 1(B)]. All exper-
iments were performed with the explants loaded in confined
compression and with the articular surface in contact with
the porous load platen. The explants were loaded with a
static stress of 0.5 megapascals (MPa, 1 MPa=106 N/m2)
for 1, 1.5, 2, 2.5, and 3 h or a continuous cyclic stress of
1 MPa (peak stress) for 3, 6, 14, 24, and 72 h, resulting in
a total number of 10 experimental groups. These times
were chosen based on preliminary tests indicating cell
death initiation by 2 and 6 h, respectively. For each exper-
imental group, 20 explants were loaded for the prescribed
time and the corresponding 20 matched free-swelling
explants were used as controls. All experiments wererepeated two times, which resulted in a total number of 40
pairs of explants per experimental group. Between exper-
iments, the METS was carefully checked and, if necessary,
recalibrated.
Several additional experiments (cyclic stress for 24 h
loading time) were performed to evaluate artifacts that
might cause cell death. To test whether direct contact
between the load platen and the articular surface might
cause cell death due to friction or tissue interdigitization,
explants were placed inverted with the articular surface
facing the non-porous bottom surface of the specimen
chamber (N=5), or were loaded in the original configuration
but a with a second explant inverted and placed on top of
the first one (articular surfaces facing each other; N=5).
Furthermore, to test whether cell death might be caused by
a rise in temperature due to friction from fluid transport
through the tissue’s solid matrix (diffusional drag), the
loading frequency was lowered from 0.5 to 0.1 Hz (N=10).
Finally, although static compression experiments were per-
formed (effectively excluding any temperature rise due to
frictional heat production), one might argue that statically
loading the explants for up to 3 h in a load-controlled setting
would result in matrix collapse and cartilage dehydration.
This has been shown to alter cell metabolism28 and might
cause cell death. To evaluate this possibility a separate
experiment was performed to specifically investigate cell
viability immediately after the cessation of loading and 3
days later. To test this hypothesis a tissue section was
removed from the center of each explant immediately after
loading and the cell viability measured (see next section for
viability protocol). The remaining cartilage was cultured
unloaded for an additional 3 days, after which cell viability
was again measured.TISSUE PROCESSING
Cell viability was measured using the fluorescent probes
fluorescein diacetate (FDA) and propidium iodide (PI)29.
The membrane-permeant fluorescein diacetate is cleaved
by esterases in live cells to yield cytoplasmic green fluor-
escence, whereas the membrane-impermeable propidium
iodide labels nucleic acids of membrane-compromised
cells with red fluorescence. An FDA stock solution was
prepared by adding 40.1 mg of the compound to 10 ml
acetone, and a PI stock solution was prepared by adding
10 mg/ml PI to deionized water. Both stock solutions were
stored in the refrigerator at 4°C in the dark until used.
Immediately before the staining procedure, a solution con-
sisting of 0.01% of each (FDA and PI) and 2.5% ethylene
diamide tetraacetic acid (EDTA) in phosphate buffered
saline (PBS) was mixed together and used to stain the
cartilage explants as follows. After each experiment, the
loaded and unloaded (control) explants were washed in
sterile PBS for 5 min and then sectioned perpendicular to
the articular surface into 1-mm thick slices using parallel
razor blades (Fig. 2). The tissue sections were incubated in
the FDA+PI solution for 5 min in a dark environment and
then washed twice (5 min each) in PBS to remove free dye
from the tissue matrix. The chondrocytes within the carti-
lage matrix were then viewed using a fluorescence micro-
scope (excitation at 488 nm; NIKON Optiphot-2, Melville,
NY, U.S.A.) and a dual barrier filter (CHROMA Technology
Corporation, Brattleboro, VT, U.S.A.) to simultaneously
observe green and red fluorescence indicating viable and
dead cells, respectively (wavelength ranges of 520±10 nm
and of 600±10 nm, respectively).chondrocyte necrosis at the surface of tibial articular
cartilage in guinea pigs after partial medial menisectomy.
In our laboratory, we studied the response of mature
bovine articular cartilage explants continuously loaded for a
24 h period using an in vitro mechanical explant test
system (METS)15. Our results showed a significant
decrease in chondrocyte proteoglycan biosynthesis as
measured using radiolabeled sulfate uptake by the cells.
However, autoradiography showed almost no uptake of
sulfate by the cells in the STZ. We therefore hypothesized
that a continuously applied repetitive load of sufficiently
long duration would cause matrix disruption and chondro-
cyte death (apoptosis or necrosis) similar to that previously
reported for static and intermittent load configurations1,14.
To evaluate this hypothesis, mature bovine cartilage
explants were continuously loaded with a 1 megapascal
(1 MPa=106 N/m2) stress either statically or cyclically (0.5
cycles per s) for 1–72 h. Cell death and matrix disruption
were observed only in the STZ by 3 h for the static load and
6 h for the cyclic load. The extent of cell death and matrix
disruption did not change with longer loading periods.
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Fig. 1. Panel A. For the continuous loading pattern a sinusoidal (——) waveform was chosen. The maximum applied force of 38.48 N
resulted in a peak stress of 1.0 megapascal (MPa), which was applied at a frequency of 0.5 Hz. The static loading pattern (- - -) was achieved
by applying a constant force of 19.25 N, which resulted in a constant stress of 0.5 MPa. Panel B. The mechanical explant test system (METS)
is comprised of an electro-pneumatic controller, which powers the air cylinders to compress the cartilage explants. The explants are
mechanically loaded, statically or cyclically, in confined compression by the porous load platens.The remaining tissue samples (Fig. 2) were fixed in 10%
buffered formalin, embedded in paraffin, and processed for
detection of DNA strand breaks characteristic of apoptotic
cell death using terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate-nick end-labeling
(TUNEL) procedure as described in detail by Adams and
Horton30. Briefly, 6 m thick tissue sections were cut and
deparaffinized in xylene and successive dilutions of ETOH.The sections were rehydrated in PBS and pre-digested in a
solution containing 20 g/ml proteinase K (ICN, Irvine, CA)
in PBS for 15 min. At this point, positive controls were
exposed to DNAse (1 g/ml) for 5 min. Endogenous peroxi-
dase activity was blocked by incubating the sections in 2%
H2O2 for 5 min. The tissue was placed in a labeling buffer
containing 0.5 M Tris (pH 7.5), 50 mM MgCl2, 0.6 mM mer-
captoethane sulfonic acid, and 0.5 mg/ml bovine serum
albumin for 10 min. From the labeling buffer, sections were
covered with the labeling reaction mix consisting of 2 l
Klenow enzyme (Gibco BRL, Grand Island, NY, U.S.A.),
2 l biotinylated nucleotide mix (7.5 mM dATP, 7.5 mM
dGTP, 7.5 mM dTTP, and 0.25 mM biotinylated dCTP), and
100 l labeling buffer per sample. For negative controls the
Klenow enzyme was omitted. The slides were placed in a
37°C humidifying chamber for 30 min. The reaction was
stopped by rinsing in 300 mM sodium citrate in 3M NaCl for
5 min. After a quick rinse in deionized water, sections were
exposed to streptavidin-peroxidase conjugate diluted 1:500
in streptavidin-peroxidase diluent (Trevigen, Gaithersburg,
MD, U.S.A.) for 10 min, followed by two washes in deion-
ized water. Sections were exposed to Trevigen’s blue label
for 2 min and stained for 30 s using Trevigen’s counterstain
C. The TUNEL reaction was considered to give correct
results when more than 95% of all chondrocytes in the
DNAse-treated sections stained positively. No labeling was
seen when the Klenow enzyme was omitted.
Cell morphology and matrix integrity were qualitatively
evaluated using histochemical preparations and transmis-
sion electron microscopy (TEM). Samples for routine his-
tology were ﬁxed in 10% buffered formalin, mounted in
paraffin, and 10 m thick sections cut and stained with
toluidine blue. For TEM analysis, the tissue samples were
ﬁxed in a solution containing 3% glutaraldehyde in
0.1 mol/L cacodylate buffer at pH 7.3 for 24 h and trans-
ferred to a solution containing 1% osmium tetroxide in
cacodylate buffer for 1 h at 4°C. The samples were then
successively dehydrated in solutions with increasing
amounts of ethanol and embedded in resin. Thin radial
sections (perpendicular to the articular surface) were cut,
stained with uranyl acetate and lead citrate, and viewed by
transmission electron microscopy (TEM, Philips, New
York).
Results
Chondrocyte viability and matrix integrity were assessed
in cartilage explants that were unloaded (controls), stati-
cally loaded (0.5 MPa, 1–3 h), and cyclically loaded
(1 MPa, 1–72 h, 0.5 Hz). In the cyclically loaded explants,
chondrocyte viability was signiﬁcantly affected (i.e., cell
death was observed) after 6 h of continuous, repetitive
Plug diameter = 7 mm
1 mm thick central core for
fluorescence microscopy
Tissue processed for
TUNEL, TEM, and histology
Fig. 2. Tissue sampling for analysis of cell death, histology, and
end-labeling of DNA strand breaks by the TUNEL procedure. The
cartilage explant discs were cut in cross-section (radial direction)
into three sections. The inner 1-mm slice was used for assessment
of cell viability and the outer sections for TUNEL, TEM and
histological analysis.
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Fig. 3. Cell viability in unloaded (control) and cyclically loaded (1 MPa, 0.5 Hz) explants for 3 (panels A and B), 6 (panels C and D), 14 (panels
E and F), and 24 h (panels G and H). Viable cells ﬂuorescence green and dead cells ﬂuorescence bright red. Only cells within the top layer
of the loaded cartilage explants (B,D,F,H) were affected by the loading regimen.
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observed in the statically loaded explants by 3 h (not
shown). Surprisingly, in both cases cell death was confined
to the superficial tangential zone (STZ), the chondrocytes
in the middle and deep layers being unaffected by any of
the loading regimes. Viewing the cartilage sections from
the top (articular surface) confirmed the presence of a layer
of dead cells in the uppermost zone of the cartilage (not
shown). The chondrocytes in the unloaded explants were
viable at all times (Fig. 3). More interesting, however, was
that cell viability in the repetitively loaded specimens did not
decrease for loading times greater than 6 h. The chondro-
cytes in the middle and deep zones of the cartilage
remained viable for up to 72 h of cyclic loading, and
during a further unloaded (resting) period of 3 days after
completion of the loading protocol (data not presented).
The localization of the cell death to the STZ did not
appear to be an artifact of our experimental mechanical
explant test system. Chondrocyte death was not caused by
a cyclic fluid-flow induced frictional rise in temperature near
the surface of the explants, as lowering the cyclic frequency
from 0.5 to 0.1 Hz did not change the time for nor spatial
distribution of cell death. Furthermore, cell death was not
due to the matrix damage that can be attributed to the
interdigitization between the porous load platen and the
cartilage’s articular surface. When the specimen’s orienta-
tion within the loading chamber was reversed, such that the
articular surface faced the impermeable chamber bottom,
no cell death was found in the deep zone (cut edge)
adjacent to the load platen. However, the chondrocytes in
the STZ, which in this configuration was facing the bottom
of the chamber, were again found to be dead (PI positive).
Finally, loading two specimens having their articular
surfaces facing each other again produced cell death
only in the STZ of each specimen, with no cell death in
the deep zones abutting the load platen and chamber
bottom.
No TUNEL positive stained cells were found in any of the
specimens at any loading time period. These results indi-
cate that either no internucleosomal DNA strand breaks
had occurred or that apoptosis might have occurred at an
earlier time, and secondary necrosis (i.e. further break-
down of nuclear material) was observed. More than 95% of
the cells in the control sections treated with DNAse to
induce DNA fragmentation were TUNEL positive, indicating
that the DNA strand breaks were accessible to the terminal
transferase. Transmission electron microscopy (TEM)
clearly revealed degenerate chondrocytes in the STZ of
loaded explants (Fig. 4). The majority of the cells showed
typical hallmarks of accidental cell death such as cell
membrane damage or rupture and vacuolization of the
cytosol. Furthermore, histological preparations stained with
toluidine blue showed dark, uniformly stained cells in the
STZ of loaded cartilage explants (Fig. 5, panels C and D).
In comparison, the cells in the unloaded specimens did not
show any stain accumulation (Fig. 5, panels A and B).
Finally, cell death did not increase after three days of
unloading following loading, again indicating that the
observed cell death most probably occurred during loading.
A significant amount of matrix damage occurred to the
uppermost layer of the cartilage, even though the explants
were loaded in a confined configuration, thus restraining
any lateral expansion and bulging of the cartilage disks. In
the unloaded explants, the articular surface always
appeared smooth and the STZ intact [Fig. 5(A),(B)], in
contrast to the clearly visible surface damage and fibril-
lation observed in the loaded cartilage explants [Fig.5(C),(D)]. Damage to the collagen fiber network in the STZ
was also observed by transmission electron microscopy
(Fig. 6).Discussion
The present study was designed to evaluate the effects
of cyclic load on chondrocyte viability and matrix mor-
phology in mature cartilage explants continuously loaded
from 1–72 h. Our results showed that (1) chondrocyte cell
death is induced by static and repetitive loads of long
duration (3 and 6 h, respectively), (2) cell death is confined
to the superficial tangential zone, even after long periods of
repetitive loading (up to 72 h), and (3) that cell death did not
appear to be caused by apoptosis (programmed cell
death). These unique physiological changes to the carti-
lage matrix, caused by a mechanical load, are similar to
those reported in the early stages of OA26,27. Our findings
appear to confirm our hypothesis that one of the mechan-
isms for the initiation of cartilage degeneration is mechani-
cally induced cell death and matrix damage at the articular
surface and within the superficial tangential zone.
Although we do not know the precise mechanisms
leading to cell death in our mechanical explant test system,
the following potential causes should be considered.
One possibility is that the cell death was caused by
excessive mechanical loading. Hodge et al.31 measured in
vivo stresses in the acetabulum rising from different daily
activities using an instrumented femoral head prosthesis.
Peak stresses of 3–4 MPa were found during gait. Based
on this data, Zimmerman et al.32 investigated the effect of
repetitive stresses ranging between 2 and 8 MPa in non-
viable explants of cartilage and subchondral bone from
human patellae. The authors observed that an intermit-
tently delivered compressive stress of 3.5 MPa for more
than 120,000 cycles did not cause any visible surface
damage to the tissue. However, fatigue failure in the
cartilage collagen matrix, notably without inducing any
visible surface fibrillation, was measured biomechanically
by a loss of the tensile strength of the tissue33–35.
While damage to the articular surface caused by the
rough surface of the porous platen cannot be excluded, we
found that cell death occurred independently of matrix
damage. In our experiments, we continuously loaded
mature cartilage explants for 24 and 72 h at a frequency of
0.5 Hz, for a total of 43,200 and 129,600 cycles, respect-
ively. We believe it is unlikely that failure of the collagen
network in the superficial tangential layer would be the only
factor causing the observed cell death. In our mechanical
explant test system, the cartilage explants are loaded in
confined compression with the articular surface interdigitat-
ing with the porous platen. However, loading two explants
with their articular surfaces facing each other produced the
same results as loading one explant with its articular
surface facing the porous platen.
While morphological and phenotypic differences
between chondrocytes of the superficial tangential zone
and of deeper zones are known, we cannot conclude from
our results that the chondrocytes within the STZ are more
susceptible to injury than those in the middle and deep
zones. However, it is well known that there are important
differences in the structure and composition of the extracel-
lular matrix surrounding the cells in the aforementioned
zones. The higher water content and lower amount of large
aggregating proteoglycans in the STZ, as compared to the
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Fig. 4. Assessment of cell morphology by transmission electron microscopy (TEM). Panels A and B. Normal chondrocytes from the
superficial tangential zone (STZ) of control specimens. The cells show a normal nuclear morphology (N) with diffuse or flocculent chromatin
and a clearly delineated cell membrane (double arrow). The cytoplasm contains glycogen granules (G), few small mitochondria (arrow), and
a sparse rough endoplasmic reticulum (arrowhead). Panels C–F. Representative TEM micrographs of chondrocytes from the superficial
tangential zone (STZ) in explants continuously loaded for 24 h. The cells in the STZ of loaded cartilage showed the typical hallmarks of cell
necrosis such as pyknotic nuclei (PN), a disrupted cell membrane (double arrows), and large vacuoles. These observations confirmed the
results obtained by TUNEL staining. Bar=2.5 m in all panels.
Osteoarthritis and Cartilage Vol. 10, No. 1 77Fig. 5. Panels A and B. Histological preparations from two control explants. Sections from control explants show an intact and smooth surface
layer. The cellular staining pattern indicates healthy chondrocytes. Panels C and D. Histological preparations from two explants loaded for
24 h. The surface appears to be damaged and the chondrocytes stained uniformly, indicating a disrupted cell membrane. Toluidine blue stain,
magnification 400×.middle and deep zones, is well reflected in the superficial
tangential layer being the most compliant18,36–39. Conse-
quently, mechanical load will cause maximum compressive
strain in the superficial tangential layer. Schinagl et al.37
measured the equilibrium confined compression modulus
of bovine articular cartilage as a function of depth from the
articular surface. By tracking the displacement of fluor-
escently labeled chondrocytes, the authors found that a
8%, 16%, 24%, and 32% global equilibrium strain resulted
in a local strain of 36%, 46%, 52%, and 58% in the
superficial tangential layer, respectively. The authors
observed that at low levels of compression the strains were
large in the superficial layer, dropping to almost zero strain
in the deep layer of the cartilage explants. Therefore,
cartilage matrix compaction or collapse when subjected to
a static load would be preferentially in the STZ and could
be expected to cause injury to the residing chondrocytes,
eventually leading to cell death.
Similarly, a repetitive load would also result in a greater
consolidation or compaction of the STZ due to the net fluid
exudation from the cartilage matrix. Although the stress
level chosen in our experiment is well within the valuesfound in normal joint loading, the load-controlled configura-
tion of our test system results in the explant’s articular
surface always being in contact with the loading platen.
Thus, the long-duration repetitive loading cycle used in our
test system would probably not allow sufficient time for the
mechanical recovery (swelling) of the STZ. It is therefore
possible that the chondrocytes residing in the compacted
STZ would have experienced a significantly higher strain
then the chondrocytes in the middle and deep zones. For
these reasons, it is possible that the chondrocytes in
the STZ were mechanically overloaded and irreversibly
damaged.
We hypothesize that the compaction of the STZ is an
important intrinsic mechanism to control the overall defor-
mation of the cartilage matrix. Compaction of the STZ
would reduce the permeability of the STZ because of a
reduction in matrix porosity (pore size). Thus, the underly-
ing middle and deep zones would experience less fluid
exudation through the STZ and therefore deform less than
expected in a homogeneous tissue matrix. This type of
mechanism could act to protect the chondrocytes in the
middle and deep zones from injury.
78 E. Lucchinetti et al.: Cartilage viability and repetitive loadFig. 6. Panels A and B. Appearance of the matrix in the superficial tangential zone (STZ) of unloaded cartilage as observed by transmission
electron microscopy (TEM). Note the smooth surface and the regular orientation pattern of the collagen fibers. Bar=2.5 m. Panels C–F.
Representative micrographs showing the appearance of the matrix in the STZ of cartilage explants loaded for 24 h as observed by TEM at
low magnification. Surface damage and fibrillation are evident. Bar=2.5 m.
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of the pericellular matrix as sensed and transmitted by the
cell surface receptors (integrins) will induce organizational
changes in the cell cytoskeleton, a process termed mech-
anotransduction40,41. This might trigger a metabolic
response and influence the turnover of matrix molecules,
as well as the production of cytokines and metalloprotein-
ases. Werb et al.42 and Arner and Tortorella43 have dem-
onstrated that signal transduction through the chondrocyte
integrin receptors up-regulates the expression of matrix
metalloproteinases. It has been shown that early osteoar-
thritic changes are accompanied by a breakdown of type II
collagen fibers, the initial damage always occurring at the
articular surface and around the chondrocytes44,45. Fur-
thermore, Kozaci et al.7 were able to correlate the degra-
dation of type II collagen with metalloproteinase activity in
cartilage explants and, more recently, Billinghurst et al.46
proposed a direct involvement of metalloproteinases pro-
duced by the chondrocytes in the cleavage of type II
collagen in osteoarthritic articular cartilage. In our study, an
increased synthesis of proteolytic enzymes relative to their
inhibitors by the surface chondrocytes might have
enhanced the breakdown of the surface layer matrix mol-
ecules, further reducing the stiffness of the surface layer
and exposing the chondrocytes to higher stresses and
strains. This hypothesis of a stress or strain induced
permanent damage to the cells in the superficial tangential
zone through a mechanically activated or enhanced cata-
bolic response by the chondrocytes has to be further
investigated.
Alternatively, cell death might be caused by an excessive
oxidative stress. It might be possible that the higher
stresses and strains in the STZ could result in the inability
of the cells to metabolically cope with the continuous
adaptation processes required to withstand such stresses
and strains. In a recent study by Clancy et al.47, they were
able to show that the cytokine-dependent susceptibility to
oxidant injury mediated by endogenous cytokines was in
part due to an impaired hexose monophosphate shunt
pathway, one of the cellular antioxidant defense mechan-
isms. Thus, there is the possibility that the necrosis seen in
our in vitro experiment might be caused by an excessive
oxidative stress.
Finally, we cannot completely rule out the occurrence of
apoptosis at an early time during our experiments. The
morphology of the dead chondrocytes as well as the
absence of TUNEL staining would indicate secondary
necrosis following apoptosis. Apoptosis in chondrocytes
may be caused by the disruption of cell–extracellular matrix
contacts48. In our specific case, this may occur as a
consequence of the higher strains in the STZ, as previously
discussed.
To further elucidate the causes of cell death under the
described experimental conditions, the chondrocyte meta-
bolic activity should be monitored, particularly during the
first 1–3 h of loading. Whatever the mechanism responsible
for the cell death observed in our loaded explants, it is
obvious that a continually applied static or cyclic stress to
articular cartilage for more than 3 or 6 h, respectively, will
lead to irreversible changes in cell viability and matrix
integrity. These changes are somewhat similar to those
observed in the early stages of degenerative joint dis-
ease49, and indicate that excessive loading conditions or
high stresses may be responsible for the initiation of the
degenerative process.Acknowledgments
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